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ABSTRACT: This document describes the early stage of the reconstruction chain that was developed
for the ArgoNeuT and MicroBooNE experiments at Fermilab. These experiments study accelera-
tor neutrino interactions that occur in a Liquid Argon Time Projection Chamber. Reconstructing
the properties of particles produced in these interactions requires knowledge of the micro-physics
processes that affect the creation and transport of ionization electrons to the readout system. A
wire signal deconvolution technique was developed to convert wire signals to a standard form for
hit reconstruction, to remove artifacts in the electronics chain and to remove coherent noise.
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1. Introduction
The liquid argon time projection chamber (LAr TPC) is ideal for the study of neutrino interactions
as it provides mm-scale resolution in a O(100 m3) scale volume. A LAr TPC also produces a
prodigious amount of information that must be processed to extract O(100) physics quantities in
a neutrino interaction. As an example, the MicroBooNE detector [1] has a volume of 62 m3. It
is instrumented to measure the charge deposited in voxels of size ≈10 mm3 resulting in 6× 109
measurements for each beam spill. Images of the data have a photographic quality that has been
likened to that of a bubble chamber. This report focuses on the challenge of extracting physics
objects from this large data sample.
Significant progress has been made in developing the technology as exemplified by physics
results from ICARUS [2] and ArgoNeuT [3] and in the successful operation of test stands such
as LAPD [4], LongBo [5], CAPTAIN [6], ArgonTube [7], etc. Results were obtained from semi-
automatic reconstruction of complex event topologies or fully-automatic reconstruction of simple
events. The large data volumes generated by the current generation of experiments such as Micro-
BooNE and LArIAT [8], and the need to reconstruct more complicated events motivates improving
reconstruction performance.
Reconstructing isolated particles is routinely done with efficiencies approaching 100%. Min-
imum ionizing particles deposit & 500 keV in a wire hit. Efficient reconstruction of tracks &1 cm
(proton kinetic energy & 20 MeV) is feasible using techniques that are described here. The diffi-
culty arises in reconstructing tracks that are embedded within a cluster of charge deposited by other
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tracks. Achieving this capability enables exploring the role of final state interactions in neutrino
- argon interactions. Reconstructing tracks in a high-density shower or in the vicinity of a deep
inelastic neutrino interaction is a significant challenge.
We begin with a review of a subset of the physics processes that ensue when an ionization event
occurs within the detector. Discussion in this section is limited to the processes of creation, loss and
transport of ionization electrons that form signals on the TPC wires. Only passing mention is made
of the use of a light collection system to provide a trigger. Online processing of wire signals by the
readout electronics is discussed only insofar as it motivates the need for offline signal processing.
The reader is referred to Appendix A that describes a LAr TPC calculator that allows a more precise
estimate of the order of magnitude estimates given in this section.
Section 3 describes the deconvolution method that corrects for the response of the readout
electronics. This technique was originally developed to overcome an unavoidable artifact of the
ArgoNeuT electronics. This convolution method also provides a mechanism for correcting the
seemingly complex direct and indirect currents induced on TPC wires by ionization electrons. This
processing stage produces a standardized set of wire signals that have a Gaussian-like shape.
A hit finding algorithm that uses a Gaussian fit is described in Section 4. Here we make the
observation that an unambiguous connection between a hit and a discrete ionization event cannot
be made at this early stage of reconstruction.
The methods described in this report were developed over the last 8 years and are currently
implemented in the LArSoft software suite. All data shown are real unless labeled “simulated”.
2. Signal Formation
Electrons liberated by the passage of a particle in a LAr TPC are separated from their parent argon
ions by ≈ 2µm after reaching thermal energies [9]. The electron and ion columns separate under
the influence of the TPC electric field, E , that is typically < 1 kV/cm. Electron-ion recombination
occurs for the next few nanoseconds until the columns are well separated. The fraction of electrons
that escape recombination, R, can be modeled by a Birks “law” [10] [11] or alternatively by the
“Modified Box Model” [12] [13] shown in equations 2.1 and 2.2. Both of these empirical models
are based on the columnar theory of recombination by Jaffe [14] and provide similar performance.
The AB, kB, α and β parameters are found by fitting the model to the charge collected from stopping
particles. The dependence on dE/dx is shown in Figure 2. TheR values for these two models differ
by less than 10% for dE/dx < 35 MeV/cm and approaches 25% at 100 MeV/cm.
RICARUS =
AB
1+ kB · (dE/dx)/E (2.1)
RBox =
1
ξ
ln(α+ξ ), where ξ = β (dE/dx)/E . (2.2)
The separation time of the electron and ion columns also depends on the angle of the columns
relative to the E field direction. The two columns for an idealized particle traveling exactly in the
E field direction, φ = 0, would overlap completely for many milliseconds resulting in complete
recombination, R ≈ 0. The expected sin(φ ) dependence is not included in the above equations
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because no significant angle dependence has been observed[13]. A likely cause of this discrepancy
is that the simple geometric model doesn’t account for ionization from δ -rays.
Figure 1. Left: Schematic view of the elements of a LAr TPC in two dimensions. The blue line represents
a track traveling at an angle φ relative to the electric field direction. Ionization electrons produced on the
track follow the electric field lines (yellow) through the induction planes until they are collected on wires in
the collection plane. Right: View of the wire planes as seen by the approaching electrons illustrating that the
electron trajectories shown in the left figure are overly simplistic.
Electrons drift to the anode following the electric field lines as shown schematically in Figure
1 with a velocity of ∼1 mm/µs. Figure 2 shows the electric field dependence of the electron drift
velocity. A fraction are lost during transport to the anode wires due to attachment on electro-
negative impurities such as water and oxygen [20]. The charge loss is characterized by the drift
electron lifetime, τe. The ionization charge remaining after recombination, Qo, is obtained from the
collected charge at the wire planes, Qc, using the relation Qo = Qc/exp(−(tarrive− to)/τe) where
tarrive is the time of arrival of the electrons at the anode and to is the time of ionization event.
The value of to may found from a beam timing signal as was done for ArgoNeut, from a photon
detection system as is done in MicroBooNE or by selecting cosmic ray muons that pass through
both the anode and cathode planes. Diffusion will increase the spatial extent of the electron cloud
governed by the equation σD = 2
√
DL(T )(tarrive− to) where DL(T ) is the longitudinal (transverse)
diffusion coefficient [16][17][18][19]. The diffusion rms in MicroBooNE is expected to be 1.5 mm
along the drift direction and 2.3 mm transverse to the drift direction.
The anode consists of several wire planes with bias voltages set so that ionization electrons
travel between the wires of the first set of induction planes inducing a bipolar signal. The charge
is collected on the last plane - the collection plane. The wire plane bias voltage settings for trans-
porting 100% of the ionization electrons to the collection plane is a function of the wire diameter,
wire spacing and plane spacing [21]. Full transparency, or 100% transmission of electrons to the
collection plane, is achieved when the electric field between wire planes increases by & 40% for
each successive plane gap. There is a concomitant increase in the electron velocity of ∼15% in
each gap resulting in somewhat narrower wire signals in subsequent gaps. The wires in each plane
are oriented by some angle relative to each other to provide a different view of the ionization event
3
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Figure 2. Left: Birks and Modified Box Model parameterizations of electron recombination for E = 0.5
kV/cm. Right: Parameterization of the drift velocity of electrons in LAr as a function of electric field and
temperature from reference [15].
Table 1. Wire Configuration.
Detector Wire planes and orientation
ArgoNeuT Grid(0◦), Induction(30◦), Collection(-30◦)
MicroBooNE Induction(60◦), Induction(-60◦), Collection(0◦)
(Proto) DUNE Grid(0◦), Induction(44◦), Induction(-44◦), Collection(0◦)
in each plane. The electrons will have a∼50% longer travel distance in 3D through the wire planes
than indicated by the 2D representation shown in Figure 1.
Signals formed on anode wires are dominated by the motion of ionization electrons between
the wire planes occurring on the time scale of microseconds. The positive leading lobe of the
signal induced on the first instrumented induction plane, the U plane shown in Figure 1, would
be negligible if the Grid plane did not exist because the induced current would occur during the
millisecond-scale drift time of electrons in the meter-scale main volume. The negative trailing lobe
is sizable since it is created from electrons traveling in the few mm gap between the U plane and
the next (V) plane.
For this report, we will assume that there are three planes, U (first induction), V (second
induction) and W (collection). In the following, the “field response” refers to the time-dependent
induced and collected charge on the wires due to the passage of ionization electrons through the
wire planes.
The velocity of positive ions is significantly slower than that of electrons, approximately 5
mm/s, resulting in a positive ion buildup, or “space charge”, that can affect the function of long
drift TPCs operated in a high rate of background ionization. The electrical circuit is complete when
ions reach the cathode plane. This may be a few minutes in a 2 meter drift TPC.
The wire plane configurations for several Fermilab detectors are shown in Table 1, where
Grid denotes an un-instrumented induction plane. A wire with 0◦ orientation is vertical. Use of
a grid plane restores the positive leading lobe effectively doubling the size of signals on the first
instrumented induction plane at the expense of increasing the operating voltage of the wires.
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Figure 3. Neutrino interaction with secondary hadronic interaction in the ArgoNeuT detector. Data were
taken in the NuMI beam. Left: Raw ADC counts vs time tick (1 tick = 0.2 µs) for a wire in a high ionization
region in the collection plane indicated by the red arrow. The RC time constant of the tail was found to be 63
µs instead of 52 µs from bench measurement presumably due to additional capacitance of the in-situ cables.
Middle: Time vs wire number (wire spacing = 4 mm) of raw ADC data. The image grey scale is the raw
ADC values. The white regions show a baseline shift due to the mis-match of the readout electronics. Right:
The same event after deconvolution.
The ICARUS detector was instrumented with different charge integrating amplifiers on the
middle induction plane to produce unipolar signals on all wire plane. Hits were then reconstructed
by fitting to the function in equation 2.3 to the raw wire signals.
f (t) = B+A
e−δ t/τ1
1+ e−δ t/τ2
where δ t = tarrive− to (2.3)
In contrast, the ArgoNeuT and MicroBooNE experiments elected to instrument all planes with
the same electronics. As a consequence, some offline signal processing is desirable for reconstruct-
ing hits in the induction planes in these detectors. We will use the term “electronics response” to
refer to the response of the full readout electronics chain by the injection of a δ -function input.
Raw signals in the ArgoNeuT detector in Figure 3 show the effects of an impedance mismatch
between the TPC wires and the readout electronics. The readout electronics were borrowed from
another operating experiment with the condition that they would not be altered. Bench measure-
ments showed a significant baseline undershoot with a time constant of 52 µs. In-situ measurement
of the time constant was found to be 63 µs. The right hand image in this figure shows the same
event after deconvolution using the method described in the next section.
More precise values of the order of magnitude estimates used in this section are calculated
in an Excel spreadsheet that includes parameterizations of liquid argon properties such as those
shown in Figure 2. This “LAr TPC Calculator” is described in Appendix A.
3. Offline Signal Processing
Detector features and electronics artifacts described in the previous section can be mitigated by of-
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fline signal processing. The digitized signal is a convolution of the serial effects of signal formation,
electron transport through the TPC and processing by the readout chain as shown schematically
here: Wire Signal = Ionization
⊗
Recombination
⊗
Diffusion and Attachment
⊗
Field Response⊗
Noise
⊗
Electronics Response. In this section we describe a Fourier deconvolution method that
removes the most deleterious effects to prepare signals for hit finding. This method also provides a
mechanism for removing coherent noise using a frequency-domain Wiener filter [22].
We can estimate the frequency range of wire signals by using a Gaussian approximation where
the width of the signal in the frequency domain, σ f = 1/(2piσt), where σt is the width in the time
domain. The signal in the frequency domain is also a Gaussian having a maximum at f = 0.
An estimate of the high frequency cut-off can be made by observing that the highest frequency
component of a wire signal is related to the inverse of the transit time through the wire plane gap.
Using an example where σt = 2 µs, a low-pass Wiener filter should have a 3σ f cut-off at ≈200
kHz.
It is important that the filter preserves the most desirable components of the wire signal. The
filter may be adjusted to remove lower frequency components resulting in narrow signals in the
time domain in an effort to improve the separation of close tracks. This may have a detrimental
effect on calorimetric reconstruction of the particle energy however since some of the signal power
will be lost in the process.
3.1 Electronics Response
The electronics response of a δ -function input is generally obtained from simulations and bench
tests. Figure 4 shows the output of the bench test of the ArgoNeuT preamplifier when a δ -function
signal is injected. The data were taken with the ArgoNeuT DAQ system consisting of 10 bit ADCs
sampled at 0.2 µs/tick. The noise rms was ≈1 ADC count as can be inferred by the jitter on the
long tail. The large baseline shift near 15 µs in Figure 3 is due to the impedance mis-match.
3.2 Field Response
Determining the field response appears to be a difficult problem. Ionization electrons follow com-
plex 3D trajectories as they pass through the wire planes producing direct and induced signals on
nearby wires. Signals are induced on neighboring wires due to inter-wire capacitance. An addi-
tional complication is that the detailed shape of the field response depends on the wire bias voltage
settings.
In practice it is generally sufficient to model the field response with a simple analytic form that
can be scaled for different operating conditions. The method used in ArgoNeuT is illustrated in
Figure 5. The broad features of wire signals simulated by Garfield [23] shown in the top panels are
represented by the simple forms shown in the middle panel that are scaled in time and amplitude
to match wire signals in the real detector (lower panel). The real detector data shown in the lower
panel (solid lines) were obtained by averaging wire signals on≈50 wires on a through-going muon
with φ ≈ 90◦. The real muon was reconstructed in 3D and then simulated with the ArgoNeuT
Monte Carlo. The dashed lines are the average of 50 wire signals on the simulated muon where
the induction (collection) plane, Nticks was set to the 1.5 (2.5) × the width obtained from the 2D
Garfield simulation. The field response amplitudes, AInd and ACol , were then adjusted and an
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Figure 4. Response of the ArgoNeuT preamplifier to a δ -function input. The scatter in the points is due to
digitization error of the ADC.
asymmetry applied to the induction plane response to improve the agreement. The use of such a
simple model is only possible when the time constant of the electronics response exceeds that of
the field response.
3.3 Diffusion and Attachment
The effects of diffusion are generally small. Using MicroBooNE as an example, the longitudinal
diffusion rms for electrons traveling the full 2.5 m drift is ∼1.5 mm corresponding to an increase
in the time spread of 1 tick. Likewise, correcting for electron attachment is a simple multiplicative
factor that can be applied in later stages of reconstruction.
3.4 Recombination
A recombination correction is required for calorimetric reconstruction but that requires knowledge
of the path length of the track in space to determine dQo/dx. It is important to recognize that
this correction is unavoidably imprecise since recombination occurs on the physical length scale
of microns in the TPC while the correction is applied to the collected charge Qo with the length
scale of the wire spacing. The disparity in the length scales is not important when dE/dx is slowly
varying but is significant near the Bragg peak. A related imprecision occurs in a Monte Carlo
simulation of the charge deposition. As an example, Geant4 [24] provides the energy lost by a
particle in a tracking step of size ∼1 mm. Applying the recombination correction results in a value
of dQo/dx that depends on the tracking step size and the variation of dE/dx within the step.
Applying a recombination correction to hits reconstructed in electromagnetic showers requires
a different but ultimately simpler treatment. The example of a low energy photon conversion where
the e+e− pair have an opening angle of ∼0.01 radians illustrates this point. The pair initially do
7
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Figure 5. Top: Garfield simulation of the current on the induction plane in ArgoNeuT (Left) and in the
collection plane (Right) for a track with φ = 90◦. Solid (dotted) black lines represent the direct (induced)
signal. Middle: Simplified representation of the Garfield field response used in the Monte Carlo simulation
and deconvolution. The values of Nticks, Aind and Acol were determined by matching simulated and real data.
Bottom: Real detector wire signals (solid) and simulated wire signals (dashed).
not have a dipole field and hence no ionization occurs. After traveling O(10) nm, the dipole sep-
aration is about 1 atomic diameter resulting in the onset of two overlapping ionization columns in
which recombination occurs between electrons and ions produced by both particles. This situation
is somewhat similar to that of a single particle with twice the dE/dx of a minimum ionizing par-
ticle. After traveling O(100) µm, the ionization columns are sufficiently well separated such that
recombination occurs preferentially between electrons and ions produced in the same column. For
this pair-production example, the charge measured on a wire is largely due to two well-separated
minimum ionizing particles. As a result, it is reasonable to use a recombination factor ofR = 0.64
8
3.5 Signal Deconvolution Fermilab preprint FERMILAB-PUB-15-458-ND
Figure 6. Top: Collection plane view of an interaction in the ArgoNeuT detector producing a particle that
travels along the electric field direction towards the anode plane. The particle travels for 10 cm before it
decays or re-interacts. Bottom: ADC vs time of the collection plane wire along which the particle travels.
The large peak near 1200 ticks is due to low energy particles produced in the collision. Ionization fluctuations
along the particle trajectory are apparent as it travels from 1200 800 ticks. Middle: Induction plane view
showing the (expected) negligible signal. The wire signals are shown after deconvolution.
for minimum ionizing particle hits that reside in the shower. This approximation clearly fails if the
local charge density is very high.
3.5 Signal Deconvolution
The approach described here is to remove the electronics response and field response, resulting in
wire signals that are roughly Gaussian in shape in all wire planes. A fit to a Gaussian distribu-
tion provides a good estimate of the hit position and the ionization charge. Ionization electrons
produced on tracks that travel roughly in the electric field direction, φ ≈ 0, will arrive over many
microseconds. In this case a single Gaussian fit is clearly inadequate. An extreme example from
the ArgoNeuT data is shown in Figure 6 in which a track with φ = 0 is evident on wire 113 in
the collection plane. A Gaussian fit would not provide the information required to reconstruct this
track.
9
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The time sampled wire signal read out by the data acquisition system, denoted W (t), is the
convolution of the ionization charge approaching the wire plane, Q(t), with the field response,
F(t), and the electronics response E(t).
W (t) = Q(t)∗F(t)∗E(t) (3.1)
The time-dependent ionization charge can be recovered by deconvolution
Q(t) = F −1
[
Φ( f )×F (W (t))
F (F)×F (E)
]
(3.2)
where F is the Fourier Transform and Φ( f ) is a Weiner filter function. Here we have dropped the t
dependence of F and E to distinguish the real-time varying wire signal from the real-time invariant
response functions. A deconvolution kernel that includes the filter, field response and electronics
response is computed for each wire plane.
The ArgoNeuT data acquisition system acquired 2048 samples at 5MHz for each NuMI beam
spill. A standard Fast Fourier Transform (FFT) requires 2N samples so no zero-padding was re-
quired. The electronics response from Figure 4, the field response from Figure 5 and the filter
function were sampled or calculated at the same sampling rate and zero-padded to produce the
deconvolution kernel of size 2048. Each of the 480 wires in the ArgoNeuT detector were then
processed using Equation 3.2.
Signal deconvolution is now a standard feature of the wire calibration module in LArSoft.
This procedure was found to be computationally expensive for MicroBooNE however. The Micro-
BooNE data acquisition system acquires 9600 samples at 2 MHz. Zero-padding to 2N samples for
the FFT requires complex arrays of size 16384. A significant performance improvement is gained
by processing only those regions which have sizable signals. We define a “Region of Interest”, or
ROI, which is a block of consecutive ADC samples which are above (below) a positive (negative)
noise threshold plus pre-padding and post-padding with some number of ADC samples. Multiple
ROIs were packed into fixed-size arrays of size 2048 and deconvolved. A pedestal subtraction in
each ROI was then done to remove DC offsets.
The Wiener filter function is constructed to allow for ROIs of variable length. The Wiener
filter has the form
Φ( f ) =
[
S2( f )
S2( f )+N2( f )
]
(3.3)
where S( f ) is the Power Spectral Density (PSD) of the Signal and N( f ) is the PSD of the noise.
The filter is constructed by creating histograms of PSD for ROIs that contain the wire signal, S( f ),
of a small angle track and a sideband histogram that has no detectable signal, N( f ). The results of
equation 3.3 are then cast into a function that allows scaling Φ( f ) for ROIs of different length.
4. Hit Reconstruction
Hit reconstruction is the seemingly straightforward process of characterizing the position and
amount of charge deposited in the detector within a ROI. The hit charge is simply the integral
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of a wire signal ROI times a calibration constant. The hit time relative to to could be calculated
using the charge weighted mean of the ROI. Information that could be used to separate close tracks
or complicated ionization events would be lost using this simple procedure however. The method
described here improves the reconstruction of hits; in particular those close to a neutrino interac-
tion.
Each ROI is fitted to a variable number of Gaussian distributions defined by a time, peak
amplitude and width. The first step is to estimate the values of these parameters. A set of local
peaks is found in the ROI. Each peak is then fitted to a Gaussian distribution with that starting
value. An initial fit is performed assuming the noise rms is 1 ADC count. A cut on the χ2/DOF of
the fit compensates for a non-Gaussian field response and for the noise rms 6= 1. The χ2/DOF of
the fit is used to decide whether to continue fitting with additional “hidden” Gaussian distributions
that do not have a local maximum or to create a “crude hit” that encapsulates the global features of
an ionization event in this ROI.
Figure 7. Top: A cluster of hits from a simulated large angle stopping track. Middle: A multiplet of 5 hits
(orange curves) created on wire 1789. Bottom: A single hit created on the next wire.
The properties of a hit are the parameters from the Gaussian fit. A hit is considered to be a
member of a “multiplet” if it was found in a multi-Gaussian fit. Figure 7 illustrates the rationale
for introducing this concept. The top panel shows the trajectory of a simulated low momentum
particle in the collection plane. Gaussian fits to the charge deposited on two adjacent wires are
shown in the middle and lower panels. A good fit to five Gaussian distributions was found on one
wire which resulted in a multiplet of five hits. A good fit to one Gaussian distribution was found
on the adjacent wire resulting in one hit.
It is clear that there is insufficient information at this stage of reconstruction to make an un-
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ambiguous definition of a hit that represents the deposited charge. The 5-hit multiplet in this figure
could conceivably have been created by multiple tracks created in a neutrino interaction or some
other complex interaction.
A second type of ambiguity arises when charge from several tracks overlap and are fit as a
single Gaussian hit. This occurs at the primary vertex of every neutrino interaction to some extent.
One negative consequence is that pattern recognition of tracks near the vertex will be incorrect.
Another consequence is that the calculation of dQ/dx of short tracks near the primary vertex will be
erroneous. Untangling the effects of overlapping tracks should potentially allow the identification
of MeV-scale particles produced by final state interactions.
5. Summary
The offline signal processing techniques described in this report are a significant first step on the
path to a fully automatic reconstruction of complex interactions in a LAr TPC.
A. Appendix A - LAr TPC Calculator
The LAr TPC calculator is an Excel spreadsheet that is useful for understanding the operation of
a LAr TPC. Basic detector parameters such as the wire spacing, wire diameter, drift electric field,
etc, are entered resulting in the calculation of measured detector quantities. For example, the wire
signal amplitude on the collection plane produced by an idealized track that travels perpendicular to
the collection plane wires is calculated. This is the smallest signal of interest for detectors used in
neutrino experiments. The calculator utilizes a parameterization of the MicroBooNE and LArIAT
cold ASIC preamplifier that was developed at Brookhaven National Laboratory [25], a second stage
amplifier and a generic sampling ADC.
Derived quantities such as the drift electron velocity, maximum drift time and signal to noise
ratio are displayed in blue shaded cells. Non-scaling properties of liquid argon such as the ioniza-
tion energy and diffusion coefficients are highlighted by the salmon colored cells.
The calculator accounts for the electric field dependence of the electron drift velocity. The
charge loss due to recombination is calculated using both Birk’s Law and Modified Box Model
formulas. The plots shown in figure 2 were produced by the calculator.
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Enter	  detector	  values	  in	  blank	  cells "LarProp"	  =	  Craig	  Thorn's	  "LAr	  Properties	  V9a",	  uB	  doc	  #412,	  LBNE	  doc	  #4482
Blue	  cells	  contain	  derived	  quantities
Salmon	  cells	  contain	  non-­‐scaling	  properties
Version	  4,	  March	  9,	  2017
Bruce	  Baller	  (baller@fnal.gov)
Detector	  Properties Value Units Notes
Max	  drift	  distance	  (X) 2.56 m
Drift	  E	  field 0.275 kV/cm
Electron	  drift	  velocity 1.3 mm/micro-­‐sec Walkowiak,	  NIM	  A	  449	  (2000)	  288-­‐294
Max	  electron	  drift	  time 2.0 ms
Ion	  drift	  velocity 0.4 cm/s
Max	  ion	  drift	  time 582 s
Gap	  1	  E-­‐Field	  for	  full	  transparency 0.41 kV/cm
Gap	  1	  drift	  velocity 1.5 mm/micro-­‐sec
Gap	  2	  E-­‐Field	  for	  full	  transparency 0.62 kV/cm
Gap	  2	  drift	  velocity 1.7 mm/micro-­‐sec
Wire	  spacing 3 mm
Wire	  diameter 0.15 mm
Min	  E-­‐Field	  ratio	  for	  100%	  transparency 1.37 Buneman,	  Canadian	  J.	  Res.	  Vol	  27,	  p	  192-­‐208.	  Analytical	  form	  for	  2D	  wire	  planes
E	  Field	  ratio	  setting 1.50 Should	  be	  set	  somewhat	  higher	  than	  the	  derived	  quantity	  above
Wire	  plane	  gap 3 mm
Wire	  capacitance	  in	  air 16 pF/m includes	  5	  pF	  of	  parasitic	  capacitance	  for	  wire	  attachment
Wire	  length 10 m
Wire	  capacitance	  in	  LAr 243 pF
Cathode	  High	  voltage -­‐70.4 kV
Bias	  voltage	  -­‐	  Induction	  1 -­‐124 V
Bias	  voltage	  -­‐	  Induction	  2 0 V Assumed	  ground
Bias	  voltage	  -­‐	  Collection 186 V
Front	  end	  amplifier	  shaping	  time 2 micro-­‐sec BNL	  ASIC	  choices	  (0.5,	  1,	  2,	  3)
ADC	  sampling	  rate 2 MHz
Sample	  time 0.50 micro-­‐sec
Front	  end	  amplifier	  gain 7.8 mV/fC BNL	  ASIC	  choices	  (4.7,	  7.8,	  14,	  25)
ADC	  scale	  factor 2.0 ADC	  counts/mV Nevis	  uB	  electronics
Electron	  lifetime	  -­‐	  assumption 11 ms
Equivalent	  O2	  contamination 29 ppt
Charge	  loss	  at	  maximum	  drift 17%
Number	  of	  MIPs	  -­‐	  assumption 1
Height	  (Y) 2.33 m
Length	  (Z) 10.37 m
Active	  Volume 61.7 m^3
Active	  Mass 85.1 ton
Cryostat	  pressure 1.24 bar
Cryostat	  pressure 18.0 psia
General	  (LAr)	  Properties
LAr	  Temperature 89.2 K
LAr	  Density 1.378 g/cm^3 Ch.	  Tegler,	  et	  al,	  J.	  Phys.	  Chem.	  Ref.	  Data,	  28,	  (1999)	  779
Dielectric	  constant 1.51 Various	  references
W	  ion	  -­‐	  ionization	  energy 23.6 eV/ion Shibamura,	  et	  al,	  NIM	  131	  (1975)	  249.	  Miyajima,	  et	  al,	  Phys.	  Rev.	  A9	  (1974)	  1438
W	  photon 19.5 ev/photon Doke,	  Jpn.	  J.	  App.	  Phys.	  41	  (2002)	  1538
dE/dx	  for	  Number	  of	  MIPs	  -­‐	  assumption 2.06 MeV/cm Bethe-­‐Bloch:	  One	  MIP	  deposits	  1.498	  MeV	  cm^2/g
Recombination	  -­‐	  Birks 0.63 Amoruso,	  et	  al	  NIM	  A	  523	  (2004)	  275
Recombination	  -­‐	  Modified	  box	  model 0.64 Baller,	  2013	  JINST	  8	  P08005,	  Thomas	  and	  Imel,	  Phys.	  Rev.	  A36	  (1987)	  614
Photon	  recombination	  factor 0.49 Kubota,	  Phys.	  Rev.	  B17	  (1978)	  2762
Ion	  mobility 0.0016 cm^2/V-­‐s Gee,	  J.	  Appl.	  Phys.	  57	  (1985)	  62
Diffusion	  coefficient	  -­‐	  Long 5 cm^2/s Various	  references
Diffusion	  coefficient	  -­‐	  Trans 13 cm^2/s Various	  references
Electronics	  Signal	  &	  Noise
Ionization	  after	  recombination 16601 electrons Ionization	  produced	  one	  wire	  by	  track	  traveling	  perpendicular	  to	  it
Front	  end	  amplifier	  Signal	  -­‐	  Collection 21 mV
Signal	  ADC	  counts	  -­‐	  Collection 42 counts
ENC	  90K 472 electrons BNL	  ASIC
ENC	  90K 1.2 counts	  rms
ENC	  300K 532 electrons BNL	  ASIC	  at	  room	  temperature
Signal	  to	  noise	  ratio	  -­‐	  max 35
Signal	  to	  noise	  ratio	  -­‐	  min 29
Induction	  2	  signal	  width	  estimate 2.1 micro-­‐sec Rough	  estimate	  w/o	  electronics	  shaping	  or	  electron	  arrival	  time	  spread
Collection	  signal	  width	  estimate 0.9 micro-­‐sec Rough	  estimate	  w/o	  electronics	  shaping	  or	  electron	  arrival	  time	  spread
Diffusion
Longitudinal	  diffusion	  rms	  -­‐	  max 1.5 mm
Longitudinal	  diffusion	  rms	  -­‐	  max 0.9 ADC	  tick
Transverse	  diffusion	  rms	  -­‐	  max 2.3 mm
Scintillation	  Light
Photon	  yield 52100 photons/cm
Figure 8. LAr TPC calculator configured with MicroBooNE detector parameters.
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